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3-7 Yoneda et al., 2015b

0 10 20 30 40 500.00

0.75

1.50

2.25

3.00

Methane hydrate saturation MH(%)

Empirical equation for
natural core results

Fc=8.9%
Fc=10.6%
Fc=22.9%
Fc=30.0%



-76- 



-77- 

3-8a SMH=0%

3-8b SMH 20~30%

0 5 10 15 20

0

2

4

6

8

10

12

6

0

-6

-12

Axial strain a (%)

Fc=8.9%
Fc=10.6%
Fc=22.9%
Fc=30.0%

3-8c SMH 40~50%

0 5 10 15 20

0

2

4

6

8

10

12

6

0

-6

-12

Axial strain a (%)

Fc=8.9%    SMH=31.4%
Fc=10.6%  SMH=24.4%
Fc=22.9%  SMH=19.6%
Fc=30.0%  SMH=30.5%

0 5 10 15 20

0

2

4

6

8

10

12

6

0

-6

-12

Axial strain a (%)

Fc=8.9%    SMH=47.4%
Fc=10.6%  S MH=40.3%
Fc=22.9%  S MH=44.0%
Fc=30.0%  S MH=38.3%



-78- 

3-9

3-10

0 8 16 24 32 400

140

280

420

560

700

Fines content (%)

SM H=0%
SM H 20 30%
SM H 40 50%

SM H=0%

SM H 40 50%

SM H 20 30%

0 8 16 24 32 406

7

8

9

10

Fines content (%)

SMH=0%
SMH 20 30%
SMH 40 50%

SMH=0%

SMH 40 50%

SMH 20 30%



-79- 



-80- 

3-12

3-13

0 10 20 30 40 50 600.00

0.25

0.50

0.75

1.00

Methane hydrate saturation M H(%)

Fc=8.9%
Fc=10.6%
Fc=22.9%
Fc=30.0%

0 10 20 30 40 50 6030

31

32

33

34

35

Methane hydrate saturation M H(%)

Fc=8.9%
Fc=10.6%
Fc=22.9%
Fc=30.0%



-81- 

tan 1.6 tan
MHf n MH t nSc S

0
1 sin
2 sinMH MH MHS Sc c S

0
1 sintan tan
2 sinMH MHf n MH nS Sc c S

0tan 1.6 tan
MH MH MHf n MH t n MHS S Sc c S S

max
preq max

expq

max max

1 max

1
pre expn

i i
exp

i
i

q q

n q



-82- 

3-14

(a) Fc=8.9% (b) Fc=10.6% 

(c) Fc=22.9% (d) Fc=30.0%

0 10 20 30 40 505

6

7

8

9

10

Methane hydrate saturation MH(%)

Experiment
Prediction Eq.(3-5)
Prediction Eq.(3-6)

0 10 20 30 40 505

6

7

8

9

10

Methane hydrate saturation MH(%)

Experiment
Prediction Eq.(3-5)
Prediction Eq.(3-6)

0 10 20 30 40 505

6

7

8

9

10

Methane hydrate saturation MH(%)

Experiment
Prediction Eq.(3-5)
Prediction Eq.(3-6)

0 10 20 30 40 505

6

7

8

9

10

Methane hydrate saturation MH(%)

Experiment
Prediction Eq.(3-5)
Prediction Eq.(3-6)



-83- 

int MH MHSp S

3-15 Kasama et al., 2000

0 . 0 0 . 4 0 . 8 1 . 2 1 . 6 2 . 0 2 . 4 2 . 8 3 . 2 3 . 6 4 . 0

- 2 0

- 1 0

0

1 0

2 0

3 0

4 0

5 0

Deviator stress 

Failure state line for 
host sand

1

Failure state line for 
MH-bearing sand

pint Mean stress 

1



-84- 

3-16

3-17

0.0 0.1 0.2 0.3 0.4 0.50.0

0.2

0.4

0.6

0.8

1.0

1.2

Methane hydrate saturation M H

p int= SM H

Fc=8.9%
Fc=10.6%
Fc=22.9%
Fc=30.0%

0 5 10 15 20 25 30 35 400

2

4

6

8

10

0

2

4

6

8

10

Fines content c (%)

Parameter 
Interpolation line for 

Interpolation line for 

Parameter 



-85- 

2 2p
v
p
s

C Cd
Cd

2 2p
v
p
s

d
Cd

2 2

2

p
v
p
s

d
d

2 2

2

p
v
p
s

d
d

2 2*
*

p
v
p
s

d
Cd

int

* q
p p



-86- 



-87- 

3-18

(a) Fc=8.9% (b) Fc=10.6%

(c) Fc=22.9% (d) Fc=30.0%

-1.5 -1.0 -0.5 0.0 0.5 1.0
0.0

0.3

0.6

0.9

1.2

1.5

1.8

Dilatancy ratio - v
p/ s

p

Modified stress ratio *

SMH=0%
SMH=31.4%
SMH=47.4%

c=1.69

Experiment Calculation

=1.24

c=1.94 c=2.67

-1.5 -1.0 -0.5 0.0 0.5 1.0
0.0

0.3

0.6

0.9

1.2

1.5

1.8

Dilatancy ratio - v
p/ s

p

Modified stress ratio *

SMH=0%
SMH=24.4%
SMH=40.3%

c=1.74

Experiment Calculation

=1.27

c=2.22 c=2.78

-1.5 -1.0 -0.5 0.0 0.5 1.0
0.0

0.3

0.6

0.9

1.2

1.5

1.8

Dilatancy ratio - v
p/ s

p

Modified stress ratio *

SMH=0%
SMH=19.6%
SMH=44.0%

c=1.96

Experiment Calculation

=1.24

c=2.27 c=4.07

-1.5 -1.0 -0.5 0.0 0.5 1.0
0.0

0.3

0.6

0.9

1.2

1.5

1.8

Dilatancy ratio - v
p/ s

p

Modified stress ratio *

SMH=0%
SMH=30.0%
SMH=38.3%

c=1.99

Experiment Calculation

=1.30

c=2.45 c=3.14

3-19

0 5 10 15 20 25 30 35 400

1

2

3

4

5

Fines content c (%)

SM H=0%
SM H 20 30%
SM H 40 50%

Modified Cam-clay model (C=2)

SM H=0%

SM H 20 30%

SM H 40 50%



-88- 



-89- 

3-20

0.1 1 10 1000.4

0.5

0.6

0.7

0.8

0.9

1.0

Mean effective stress ' (MPa)

After consolidation
After shearing
During shearing

NCL for SMH=0%

CSL for SMH=0%

Consolidation line of SMH=0%

(a) SMH=0%

0.1 1 10 1000.4

0.5

0.6

0.7

0.8

0.9

1.0

Mean effective stress ' (MPa)

After consolidation
After shearing
During shearing

NCL for SMH=38.5%

CSL for SMH 30%

Consolidation line of SMH=38.5%

(b) SMH 30%

0.1 1 10 1000.4

0.5

0.6

0.7

0.8

0.9

1.0

Mean effective stress ' (MPa)

After consolidation
After shearing
During shearing

NCL for SMH=43.5%

CSL for SMH 50%

Consolidation line of SMH=43.5%

(c) SMH 50%



-90- 

3-21 q-p

3-22 e-lnp

3-23

0 2 4 6 8 10 120

3

6

9

12

15

Mean effective stress ' (MPa)

SMH=0%
SMH 30%
SMH 50%

CSL for SMH=0%

CSL for SMH 30%

CSL for SMH 50%

0.1 1 10 1000.5

0.6

0.7

0.8

0.9

1.0

Mean effective stress ' (MPa)

SMH=0%
SMH 30%
SMH 50%

CSL for SMH=0%

CSL for SMH 30%

CSL for SMH 50%

0 10 20 30 40 500.50

0.55

0.60

0.65

0.70

0.75

0.80

0.85

0.90

0.95

1.00

0 10 20 30 40 500.05

0.06

0.07

0.08

0.09

0.10

0.11

0.12

0.13

0.14

0.15

Methane hydrate saturation MH (%)

Intercept of CSL 

Interpolation line for 

Slope of CSL *

Interpolation line for *



-91- 

3-24

0 10 20 30 40 500.05

0.06

0.07

0.08

0.09

0.10

0.11

0.12

0.13

0.14

0.15

0 10 20 30 40 500.05

0.06

0.07

0.08

0.09

0.10

0.11

0.12

0.13

0.14

0.15

Methane hydrate saturation MH (%)

Compression index 

Interpolation line for 

Slope of CSL *

Interpolation line for *



-92- 

(1)

(2)

(3)

(1)

(2)

(3)

(1)

(2)

(1)

(2)



-93- 

(1)

(2)



-94- 

(1)

(2) Hyodo, M., Yoneda, J., Yoshimoto, N., Nakata, Y. : Mechanical and dissociation properties of methane 

hydrate-bearing sand in deep seabed. Soils and Foundations, 53(2), pp.299 314, 2013. 

(3) Hyodo, M., Wu, Y., Nakashima, K., Kajiyama, S., Nakata, Y. : Influence of Fines Content on the Mechanical 

Behavior of Methane Hydrate-Bearing Sediments. Journal of Geophysical Research: Solid Earth, 122(10), 

pp.7511 7524, 2017. 

(4) Jung, J. W., Santamarina, J. C. : Hydrate adhesive and tensile strengths. Geochemistry, Geophysics, 

Geosystems, 12(8), pp.1 9, 2011.  

(5) Kajiyama, S., Hyodo, M., Nakata, Y., Yoshimoto, N., Wu, Y., Kato, A. : Shear behaviour of methane hydrate 

bearing sand with various particle characteristics and fines. Soils and Foundations, 57(2), 176 193, 2017. 

(6) Kasama, K., Ochiai, H., Yasufuku, N. : On the stress-strain behavior of lightly cemented clay based on an 

extended critical state concept. Soils and Foundations, 40(5), pp.37 47, 2000. 

(7) Kato, A., Nakata, Y., Hyodo, M., Yoshimoto, N. : Macro and micro behaviour of methane hydrate-bearing 

sand subjected to plane strain compression. Soils and Foundations, 56(5), 835 847, 2016. 

(8)

Hydrate R & D Program Progresses to Phase 2. Fire in the Ice, 9(4), pp.1 28, 2018. 

(9) Masui, A., Haneda, H., Ogata, Y., Aoki, K. : The effect of saturation degree of methane hydrate on the shear 

strength of synthetic methane hydrate sediments. Proc. of the 15th Int. Offshore and Polar Eng. Conf., pp.364-

369. Seoul, 2005. 

(10) Masui, A., Miyazaki, K., Haneda, H., Ogata, Y., Aoki, K. : Mechanical Characteristics of Natural and 

Artificial Gas Hydrate Bearing Sediments. International Conference on Gas Hydrates (ICGH), pp.6 13, 2008. 

(11) Miyazaki, K., Yamaguchi, T., Sakamoto, Y., Tenma, N., Ogata, Y., Aoki, K. : Effect of Confining Pressure on 

Mechanical Properties of Sediment Containing Synthetic Methane Hydrate. Journal of MMIJ, 126(7), pp.408

417, 2010. 

(12) Miyazaki, K., Sakamoto, Y., Kakumoto, M., Tenma, N., Aoki, K., Yamaguchi, T. : Triaxial Compressive 



-95- 

Properties of Artificial Methane-Hydrate-Bearing Sediments Containing Fine Fraction. Journal of MMIJ, 

127(9), pp.565 576, 2011. 

(13) Miyazaki, K., Tenma, N., Aoki, K., Yamaguchi, T. : A nonlinear elastic model for triaxial compressive 

properties of artificial methane-hydrate-bearing sediment samples. Energies, 5(10), pp.4057 4075, 2012. 

(14) -Dilatancy Theory for Hydrate-Bearing Sand. International Journal of 

Geomechanics, 17(1), 2017. 

(15) Roscoe, K. H., Schofield, A. N., Worth, C. P. : On the yielding of soils, Geotechnique, 8(1), pp. 22-53, 1958. 

(16) Roscoe, K. H., and J. B. Burland : On the Generalized Stress- Cambridge Univ. 

Press, Cambridge, U. K., 1968. 

(17)

(18) Waite, W. F., Santamarina, J. C., Cortes, D. D., Dugan, B., Espinoza, D. N., Germaine, J., Jang, J., Jung, J.W., 

Kneafsey, T. J., Shin, H., Soga, K., Winters, W. J., Yun, T.-S. : PHYSICAL PROPERTIES OF HYDRATE-

BEARING SEDIMENTS. Review of Geophysics, 47, pp.1 38., 2009. 

(19) Yasufuku, N., Murata, H., Hyodo, M. : 

(20) Yasufuku, N., Murata, H., Hyodo, M., Adrian, F.L. H. : A stress-strain relationship for anisotropically 

consolidated sand over a wide stress region. Soils and Foundations, 31(4), pp.75 92, 1991. 

(21) Yoneda, J., Hyodo, M., Nakata, Y., Yoshimoto, N. : Triaxial Shear Characteristics of Methane Hydrate-

bearing Sediment in the Deep Seabed. Journal of Japan Society of Civil Engineers, 66(4), pp.742 756, 2010. 

(22) Yoneda, J., Hyodo, M., Yoshimoto, N., Nakata, Y., Kato, A. : Development of high-pressure low-temperature 

plane strain testing apparatus for methane hydrate-bearing sand. Soils and Foundations, 53(5), pp.774 783, 

2013. 

(23) Yoneda, J., Masui, A., Konno, Y., Jin, Y., Egawa, K., Kida, M., Ito, T., Nagao, J., Tenma, N. : Mechanical 

behavior of hydrate-bearing pressure-core sediments visualized under triaxial compression. Marine and 

Petroleum Geology, 66, pp.451 459, 2015a. 

(24) Yoneda, J., Masui, A., Konno, Y., Jin, Y., Egawa, K., Kida, M., Ito, T., Nagao, J., Tenma, N. : Mechanical 

properties of hydrate-bearing turbidite reservoir in the first gas production test site of the Eastern Nankai 



-96- 

Trough. Marine and Petroleum Geology, 66, pp.471 486, 2015b. 

(25) Yoneda, J., Jin, Y., Katagiri, J., Tenma, N. : Strengthening mechanism of cemented hydrate-bearing sand at 

microscales. Geophysical Research Letters, 43(14), 7442 7450, 2016. 

(26) Yoneda, J., Masui, A., Konno, Y., Jin, Y., Kida, M., Katagiri, J., Nagao, Jiro., Tenma, N. : Pressure-core-

based reservoir characterization for geomechanics: Insights from gas hydrate drilling during 2012 2013 at the 

eastern Nankai Trough. Marine and Petroleum Geology, 86, pp.1 16, 2017.  

(27) Yun, T. S., Santamarina, C. J., Ruppel, C. : Mechanical properties of sand, silt, and clay containing 

tetrahydrofuran hydrate. Journal of Geophysical Research: Solid Earth, 112(4), pp.1 13, 2007. 

(28)

(29)



-97- 

ì

(1)

(2)



-98- 

4-1



-99- 

4-1

4-2



-100- 

4-2b Fc=8.9%

0 5 10 15 20

0

2

4

6

8

10

12

6

0

-6

-12

Axial strain a (%)

0.1%/min 
0.01%/min

1.0%/min 
10%/min 

(a) S MH=0%

0 5 10 15 20

0

2

4

6

8

10

12

6

0

-6

-12

Axial strain a (%)

1.0%/min (SMH=51.6%)
0.1%/min (SMH=47.4%)

10%/min (SMH=43.4%)

(b) SMH 50%

4-2a Fc=8.9%



-101- 

4-3 Fc=22.9%

0 5 10 15 20

0

2

4

6

8

10

12

6

0

-6

-12

Axial strain a (%)

0.1%/min (SMH=44.0%)
1.0%/min (SMH=41.8%)
10%/min (S MH=40.7%)



-102- 

a

max
m

aq

0.001 0.01 0.1 1 10 100
0

2

4

6

8

10

12

Strain rate (%/min)

Fc=8.9% (Without MH)
Fc=8.9% (With MH)
Fc=22.9% (With MH)
Toyoura sand (Without MH)
Toyoura sand (With MH)
        Miyazaki et al. (2011)



-103- 

4-6 Fc=22.9%

4-5 Fc=8.9%

0 5 10 15 20 25

0

2

4

6

8

10

12

6

0

-6

-12

Axial strain a (%)

cr=4.5MPa (S MH=43.0%)
cr=7.0MPa (S MH=50.9%)

0.1%/min (SMH=47.4%)

0 5 10 15 20 25

0

2

4

6

8

10

12

6

0

-6

-12

Axial strain a (%)

cr=4.5MPa (SMH=45.7%)
cr=7.0MPa (SMH=47.5%)

0.1%/min (SMH=44.0%)



-104- 

4-7

4-8

1 101 102 103 104 105 1060

5

10

15

20

25

Elapsed time (s)

Fc=8.9% ( cr=4.5MPa)
Fc=8.9% ( cr=7.0MPa)
Fc=22.9% ( cr=4.5MPa)
Fc=22.9% ( cr=7.0MPa)

1 101 102 103 104 105 106-2.5

-2.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

Elapsed time (s)

Fc=8.9% ( cr=4.5MPa)
Fc=8.9% ( cr=7.0MPa)
Fc=22.9% ( cr=4.5MPa)
Fc=22.9% ( cr=7.0MPa)



-105- 

( 1)

c c
a a t

d dt d dt t



-106- 

4-9

4-10

1 101 102 103 104 105 10610-5

10-4

10-3

10-2

10-1

Elapsed time (s)

Fc=8.9% ( cr=4.5MPa)

cr=4.5MPa

cr=7.0MPa
Fc=8.9% ( cr=7.0MPa)
Fc=22.9% ( cr=4.5MPa)
Fc=22.9% ( cr=7.0MPa)

1 101 102 103 104 105 10610-6

10-5

10-4

10-3

10-2

Elapsed time (s)

Fc=8.9% ( cr=4.5MPa)
Fc=8.9% ( cr=7.0MPa)
Fc=22.9% ( cr=4.5MPa)
Fc=22.9% ( cr=7.0MPa)



-107- 

(1)

(2)

(1)
(2)
(3)

(4)

(5)

(6)

(7)

(8)



-108- 

(1) Miyazaki, K., Masui, A., Sakamoto, Y., Haneda, H., Ogata, Y., Aoki, K., Yamaguchi, T., Okubo, S. : Strain 

Rate Dependency of Sediment Containing Synthetic Methane Hydrate in Triaxial Compression Test. Journal 

of MMIJ, 123(11), pp.537 544, 2007. 

(2) Miyazaki, K., Masui, A., Yamaguchi, T., Sakamoto, Y., Haneda, H., Ogata, Y., Aoki K., Okubo, S. : Strain 

Rate Dependency of Peak and Residual Strength of Sediment Containing Synthetic Methane Hydrate. Journal 

of MMIJ, 124(10/11), pp.619 625, 2008. 

(3) Miyazaki, K., Yamaguchi, T., Sakamoto, Y., Haneda, H., Ogata, Y., Aoki, K., Okubo, S. : Creep of Sediment 

Containing Synthetic Methane Hydrate. Journal of MMIJ, 125(4), pp.156 164, 2009. 

(4) Miyazaki, K., Sakamoto, Y., Kakumoto, M., Tenma, N., Aoki, K., Yamaguchi, T. : Triaxial Compressive 

Properties of Artificial Methane-Hydrate-Bearing Sediments Containing Fine Fraction. Journal of MMIJ, 

127(9), pp.565 576, 2011. 

(5) Prameswaran, V. R. : Deformation Behaviour and Strength of Frozen Sand. Canadian Geotechnical Journal, 

17(1), pp.74-88, 1980. 

(6) Prameswaran, V. R., Jones, S.J. : Triaxial Testing of Frozen Sand. Journal of Glaciology, 27(95), pp.147-155, 

1981. 

(7) Prameswaran, V. R., Paradis, M., Handa, Y.P. : Strength of Frozen Sand Containing Tetrahydrofuran Hydrate, 

Canadian Geotechnical Journal, 26(3), pp.479-483, 1989. 



-109- 

ë



-110- 



-111- 

1' '
3 ij ijp

2
1

2
3

ijijSSq

2
1

2
3

ijij

d
D De

Dp

e p
ij ij ijD D D

Maxwell Voigt
5-1 Maxwell

Voigt
Hashiguchi et al. (2000) 

Maxwell
(5-5) 3

e p c
ij ij ij ijD D D D



-112- 

' e e
ij ijd DD

1111

2222

33 33

12 12

23 23

31
31

' 1 / 0 0 0
' 1 / 0 0 0
' 1 / 0 0 0
' 0 0 0 0 0
' 0 0 0 0 0

0 0 0 0 0'

e

e

e

e

e

e

Dd
Dd

d D
d D
d D
d D

1 1 2
E

ô 
12
E



-113- 

11 11

22 22

33 33

1212

2323

31
31

'1 0 0 0
'1 0 0 0
'1 0 0 01
'0 0 0 1 0 0

0 0 0 0 1 0 '
0 0 0 0 0 1 '

e

e

e

e

e

e

D d
D d
D d

dED
dD
dD

1 ' 'e
ij ij kk ijD d d

E E

3 1 2E K

11 22 33' 3 ' ' ' 'kkd dp d d d

'
p

ij
ij

gD

'
c c
ij c

ij

gD



-114- 

' 1
p

v
p
s

ddp
dq d

2 2
intln 1 * ln ' .

2 1
Cg C p Rp const

C

Deviator stress 

Mean effective stress '

Plastic potential g

Volumetric strain d v
p

(d v
p, d s

p)
Shear strain d s

p

dq
dp'



-115- 

5-4

Deviator stress 

Mean effective stress 

c=3.0%

1 2

Current stress state line

d s
p=d pcos d p

d v
p=d psin

CSL

c=1.5%
1

0

Deviator stress 

Mean effective stress 

c=3.0%

c=2.5%

c=2.0%

c=1.5%

CSL

1

p in t



-116- 

*2 2

*'
dq N
dp D

2 1

2 2 20 int
int int 2

int

1'
' ' 0

'

D
D

MH
MH

Dp p
F p p p p q

p p N

2

int 0 int22
int

' exp ' 0
2 '

MH MH
qF p p p p

N p p

2 1

2 2 20
2

1'
' ' 0

'

D
D

s
s

Dp
F p p q

p N

2

02 2'exp ' 0
2 's s

qF p p
N p

2 1

2 2 0 int 2
int int 2

int

' 1
' ' 0

'

D
D

MHR p p D
f p Rp p Rp q

p Rp N

2

int 0 int22
int

' exp ' 0
2 '

MH
qf p Rp R p p

N p Rp



-117- 

2 2
intln 1 * ln ' .

2 1c c c
Cg m C p p const

C

5-5 3

Deviator stess 

Mean effective stress 

p'0 M HRp '0 M H p'0 s

Subloading surface f

Plastic potential g
           &
Creep potential gc

Normal yield surface for 
MH-bearing sand FMH

Normal yield surface for 
host sand Fs

1 1

-p i nt

pi nt

Internal stress int

-Rp int



-118- 

0

0

log log

log log

c c
v v

t

d d
dt dt

t t

00

c c
v v

t

d d t
dt dt t

0

1
0

0
0 00

1
1

c
v

ct tc v
v t

t

d
dtd t tdt t

dt t t

11 22 33
11 22 33' ' ' '

c
c c c cv c c c c
v c c

ij

d g g g gD D D D tr
dt

0
0

'

c
v t

c
c

ij

tD
t

gtr

0
0

'

'

c

ijc c
ij v t

c

ij

g
tD D

gt tr



-119- 

11 11 0
0

11

'

'

c

ijc c
t

c

g
tD D gt



-120- 

' '
t p t

ij
ij ij

g gdR U D U R

' '
t

ij ij

g gR U

t
R DU U U

lnRU u R

p
D ijU D

lnt p
ijU u R D

5-6 R U t Hashiguchi, 2000



-121- 

int
p

MHp W S

1int int
int

p p
MH MH MHp

MH

p p
dp dW dS dW S dS

SW

2 22' p p p p p
in r v v s s r vdW p p d Xd d d p d 2 *C

2 2 2 2

int int' 2 *p p p p c c p c
in v v s s v c s v vdW p p d C d d d d m d p d d

(a)

(b)

(c)

2 2 2 2

int 2 *p p p p p c c
v v s s v c sdW p d C d d d d m d

1 1
2 2 2 22 2

2 2 1
int int 2 *

' ' '
c c

c c MH MH
g gg g g gdp p C m S dS

p p q q p q

1
int int intc c MH MHdp p p S dS

1
2 2 2

2
int int 2 *

' '
g g g gp p C
p p q q

,  
1

2 2 2
2

int int '
c c

c c
g gp p m
p q



-122- 

0
ln ' ln '

' exp i c i c
s

e e p p
p

0
0

'
ln

'
s

s i
i

p
e e

p

int

int

p
e

p

0 0

0 0

' '
ln ln

' '
MH MH

s s

p pe
p p

5-7 e-lnp

Mean effective
          stress ln '

NCL for 
  MH-bearing sand

Unloading line

p'0MHp'0sp'cp'i

e i

ec
e0s

e0MH

e

1

1

NCL for 
  host sand

Void ratio 



-123- 

int
0 0

int

' exp ln 'MH s
p

p p
p

0 0 0 0 0
0 0 int 0 int

0 int 0 int

' ' ' 1 '
' ' '

' '
pcMH MH MH s MH

MH s s v
s s

p p p e p
dp dp dp p D dp

p p p p

'
pc p c c

v v v v
gD D D D
p

0
0 int

int

'
' T c MH

MH v
p

dp k k D dp
p

0 0
0

0

' 1
'

' '
MH s

s
s

p e gk p
p p

0 0
0

0

' 1
'

'
T MH s

s
s

p e
k p

p



-124- 

'
'

e c
ij ij ij

ij

gd D DD

0 int
0 int

' ' 0
' '

T

ij MH
ij MH

f f f fdf d dp dR dp
p R p

0
int

0 int

1
int int

int

'
' ' '

0

T
e c T c MH

ij ij v
ij ij MH

c c MH MH

pf g f fdf D D k k D dp R
p p R

f p p S dS
p

D

10
int

0 int 0 int

'
' ' ' '

' '

T T
e T c e cMH

ij v c c MH MH ij
ij MH MH ij

T
e

ij ij

pf f f f fD k D p S dS D
p p p p

f gH

D D

D

0 intp R pH H H H

0

0 0
0

0 0 0

' 1
'

' ' ' '
MH s

p s
s

p ef f gH k p
p p p p

' '
t

R
ij ij

f f g gH R U
R R

int

2 2
20 0

int int
int 0 int int 0 int

' '
2 *

' ' ' '
MH MH

p
MH MH

p pf f f f g g g gH p p C
p p p p p p p p q q



-125- 

10
int

0 int 0 int

'
' ' ' '

'
'

' '

T T
e T c e cMH

ij v c c MH MH ij
ij MH MH ije c

ij ij ijT
e ij

ij ij

pf f f f fD k D p S dS D
p p p p gd D D

f gH

D D
D

D

10

int 0 int 0

'
' ' ' ' ' '

'

' ' ' '

T
e e e e T cMH

MH v
ij ij ij MH ij MHe

ij ij MHT T
e e

ij ij ij ij

pg f g f f g fS k D
p p p p

d D dS
f g f gH D H H

D D D D
D

D

0
int

int 0 int

' '

'
' ' ' '

' ' ' '

T
e

ij ij

T
e e e MH

c c
ij ij ij MHe c

ijT T
e e

ij ij ij ij

f g

pg f g f f p
p p p

D
f g f gH D H

D

D D D
D

D

10

0 int 0 int

int

'
' ' ' '

'

' ' ' '

'

e T c e MH
v MH

ij MH ij MHep ep c
ij ij ij MHT T

e e

ij ij ij ij

e

ij

pg f g f fk D S
p p p p

d D D dS
f g f gH H

g f f
p p

D D
D D

D D

D 0
int

0 int

'
'

' '

MH
c c

MH
T

e

ij ij

p p
p

f gH D

10 0
int

int 0 int int 0 int

' '
' ' ' '

' '

' ' ' '

e eMH MH
MH c c

ij MH ij MHep c
ij ij ij MHT T

e e

ij ij ij ij

p pg f f g f fS p
p p p p p p

d D d dS
f g f gH H

D D
D

D D

0' '
'

' '

e T c
v

ij MHc ep c
ij ij T

e

ij ij

g f k D
p

d D
f gH

D
D

D



-126- 

'
' ' ' 'ij ij ij

g g p g q
p q

'
' ' ' 'ij ij ij

f f p f q
p q

ij
ij

p
3
1'

ij
ij q

q 1
2
3

2 2

2 2
int

*
' 1 * '

g
p C p p

2 2
int

*
' 1 * '

g C
q C p p

2
2

int2
int

2 1
'

' '
Df qp Rp

p p RpD

2
2

22
intint

exp 1
' '2 '

f q q
p N p RpN p Rp

2

2 1Df q
q N

2

2 22
intint

exp
'2 '

f q q
q N p RpN p Rp

2

0 int
int

0 int

'2 1
'

' '

D
D

MH

MH

R p pDf R p Rp
p D p Rp

0' MH

f R
p



-127- 

22

0 int
int

int int int

'2 1
' 1

' '

D
D

MHR p pDf qR p Rp
p D N p Rp p Rp

2 2

2 22 2
int int int

exp 1
2 ' '

f q qR R
p N p Rp N p Rp

2
2

0 int
int int 0 int22

intint

'2 1
' 1 '

''

D
D

MH
MH

R p pDf qp Rp p R p p
R D p RpN p Rp

2 2

int 0 int2 22 2
int int

exp 1 '
2 ' 2 '

MH
f q q p R p p
R N p Rp N p Rp

0 int
0

0 int 0

0
0

' 1exp ln '
' '

1'
'

MH
s

s s

MH
s

p pp
p p p

p
p

0 int
0 2

int int int

0 2
int

'
exp ln '

'

MH
s

MH

p p
p

p p p

p
p



-128- 

5-2



-129- 

1 2 01 expi c ie e e F e

1 2 01 exp cl l F

5-8

0.01 0.1 1 10 100
0.5

0.6

0.7

0.8

0.9

1.0

1.1

Mean effective stress  (MPa)

Normally consolidation line

Over consolidation line

1

Isotropic consolidation line of Fc=8.9%

Simulation
(u=71)

pi=1MPa

e i=1.00

py=5.86MPa

1



-130- 

5-9

0 5 10 15 20 25 30 35 400.5

0.6

0.7

0.8

0.9

1.0

1.1

1.2

Fines content (%)

0 5 10 15 20 25 30 35 400.05

0.06

0.07

0.08

0.09

0.10

0.11

0.12

0.13

0.14

0.15

0 5 10 15 20 25 30 35 400.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.10

Fines content (%)

Compression index 
Swelling index 

5-10



-131- 

1 1' 'e p
v v v e p Xd d d dp dp

K K K

'
e p x

v e p x

K K K
d dp

K K K

01
'e eK p

( )1
'i isop
y

e
K R p

ln 'x
yK u R p

'

ln ' '

e p e p
v

e
y v

K K dp K K d
u

R p K d dp

max min max
1

( )
n

c
n n

c

F
u u u u

u F



-132- 

1 0cC c F C

6 2.35
1 3.0 10 0.015MHc S

5 2.65
0 4.5 10 1.6MHC S

5-11 u

0 5 10 15 20 25 30 35 400

20

40

60

80

100

Fines content (%)



-133- 

5-12

-1.5 -1.0 -0.5 0.0 0.5 1.0
0.0

0.3

0.6

0.9

1.2

1.5

1.8

Dilatancy ratio - v
p/ s

p

Modified stress ratio *

0 5 10 15 20 25 30 35 400

1

2

3

4

5

Fines content c (%)

SMH=0%
SMH 20 30%
SMH 40 50%

SMH=0%

SMH 20 30%

SMH 40 50%

5-13



-134- 

1 0cz F

1 2 01 exp cy y F

5-14

0.0 0.1 0.2 0.3 0.4 0.5 0.60.0

0.2

0.4

0.6

0.8

Methane hydrate saturation MH

5-15

0 5 10 15 20 25 30 35 400

2

4

6

8

10

0

2

4

6

8

10

Fines content c (%)

Parameter 
Parameter 



-135- 

int

int
NCL

p
e

p

0 1exp cb F

1 0cg F

0.0 0.1 0.2 0.3 0.4 0.50.00

0.02

0.04

0.06

0.08

0.10

Internal stress int (MPa)

5-16



-136- 

0 5 10 15 20 25 30 35 400

5

10

15

20

25

0

5

10

15

20

25

Fines content c (%)

Parameter 
Parameter 

5-17



-137- 

1 101 102 103 104 105 10610-5

10-4

10-3

10-2

10-1

Elapsed time (s)

t0=1000s1

D (t0 )
c

5-18



-138- 

5-19

5-20

5-3

0 5 10 15 20

0

2

4

6

8

10

12

6

0

-6

-12

Axial strain a (%)

SMH=0%
Exp. Sim.

SMH=31.4%
SMH=47.4%

-1.5 -1.0 -0.5 0.0 0.5 1.0
0.0

0.3

0.6

0.9

1.2

1.5

1.8

Dilatancy ratio - v
p/ s

p

Modified stress ratio *

SM H=0%
SM H=31.4%
SM H=47.4%

Exp. Sim.



-139- 

5-21

-1 20
0

10
Deviator stress  (MPa)

Mean effective stress (MPa)

Plastic potential
Initial

(a) SMH=0%

Critical

Subloading surface
Normal yield surface
for host sand

1 1

-1 20
0

10
Deviator stress  (MPa)

Mean effective stress (MPa)

Plastic potential
Initial

(b) SMH=31.4%

Critical

Subloading surface
Normal yield surface
for host sand
Normal yield surface
for MH-bearing sand

1 1

-1 20
0

10
Deviator stress  (MPa)

Mean effective stress (MPa)

Plastic potential
Initial

(c) SMH=47.4%

Critical

Subloading surface
Normal yield surface
for host sand
Normal yield surface
for MH-bearig sand

1 1



-140- 

5-22 Fc=22.9%

5-23 AT1-C-8P

Yoneda et al., 2015

5-5

0 5 10 15 20

0

2

4

6

8

10

12

6

0

-6

-12

Axial strain a (%)

SMH=38.0%
Exp. Sim.

SMH=0%
(Reconstitute)

0 5 10 15 20

0

2

4

6

8

10

12

6

0

-6

-12

Axial strain a (%)

SMH=0%
Exp. Sim.

SMH=19.6%
SMH=44.0%

5-4



-141- 

5-24

5-6

0 5 10 15 20

0

2

4

6

8

10

12

6

0

-6

-12

Axial strain a (%)

Experiment
Fc=8.9% (SMH=47.4%)

Previous model
This model



-142- 

5-25

Fc=8.9%

5-7

0 5 10 15 20

0

2

4

6

8

10

12

6

0

-6

-12

Axial strain a (%)

0.1%/min (SMH=47.4%)
Exp. Sim.

1.0%/min (SMH=51.6%)
10%/min (SMH=43.4%)

0 5 10 15 20

0

2

4

6

8

10

12

6

0

-6

-12

Axial strain a (%)

0.1%/min (SMH=44.0%)
Exp. Sim.

1.0%/min (SMH=41.8%)
10%/min (SMH=40.7%)

5-8

5-26

Fc=22.9%



-143- 

5-27 Fc=8.9%

5-28 Fc=8.9%

5-9

0 5 10 15 20 25

0

2

4

6

8

10

12

6

0

-6

-12

Axial strain a (%)

cr=4.5MPa 
cr=7.0MPa

Exp. Sim.

1 101 102 103 104 105 10610-5

10-4

10-3

10-2

10-1

Elapsed time (s)

t0=1000s (Creep start)

cr=4.5MPa 
cr=7.0MPa

Exp. Sim.



-144- 

0 5 10 15 20 25

0

2

4

6

8

10

12

6

0

-6

-12

Axial strain a (%)

cr=4.5MPa 
cr=7.0MPa

Exp. Sim.

5-29 Fc=22.9%

5-10

5-30 Fc=22.9%

1 101 102 103 104 105 10610-5

10-4

10-3

10-2

10-1

Elapsed time (s)

t0=1000s (Creep start)

cr=4.5MPa 
cr=7.0MPa

Exp. Sim.



-145- 

(1)

(2)

(3)

(4)

(5)

(6)



-146- 

(1)

(2)

(3) Kasama, K., Ochiai, H., Yasufuku, N. : On the stress-strain behavior of lightly cemented clay based on an 

extended critical state concept. Soils and Foundations, 40(5), pp.37 47, 2000. 

(4) Yasufuku, N., Murata, H., Hyodo, M. : Application of elasto-plastic constitutive model to undisturbed soil 

. Proc. of Int. Conf. on Engineering Problems of Residual Soils, Vol.1, pp.759-764, 1989. 

(5)

(6)

(7)

(8)

(9)



-147- 

ê



-148- 

(1)
(2)

(1)

(2)

(3)

(1)

(2)

(3)
(4)

(5)

(1)

(2)



-149- 

(1)

(2)

(3)

(1)

(2)

(3)

(1)

(2)

(1)

(2)

(1)



-150- 

(2)

(1)

(2)

(1)
(2)
(3)

(4)

(5)

(6)

(7)



-151- 

(8)

(1)

(2)

(3)

(4)

(5)

(6)


